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and dissemination between Chinese and overseas firms, as well as among Chinese firms themselves. The research also examined the
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surrounding the role of innovation in industrial development more generally, effectively arguing that the contemporary Chinese experience
suggests a new form of late industrialization in which innovation surrounding late-stage technology commercialization plays a vital role.
Methodologically, this project developed original qualitative data collected primarily at the firm level both within China and globally. Data
were collected primarily through participant observation and semi-structured interviews. Our empirical data suggest that China-based firms
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of innovative manufacturing, one based on the simultaneous management of tempo, scaling, and cost reduction. For particularly complex
energy technology systems, such as civilian nuclear power plants, the greatest challenges involve not new technology development, but
rather systems integration. In these domains, Chinese firms have not necessarily achieved significant advances. Moreover, experience in
China has helped multinational systems integrators move into new domains of IT innovation, remote sensing, data management, and
industrial software development.
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This research effort was motivated by a series of both applied and conceptual questions surrounding China's rise as a global
industrial power, especially in high technology areas. Focusing on the energy technology domain, this research explored how
China's deployment of new, state-of-the-art technology systems -- and how the Sino-foreign commercial partnerships
surrounding their development -- can inform our understanding more generally of China's emerging industrial capabilities. The
research was able to demonstrate empirically what types of innovation were taking place in Chinese firms, the mechanisms
through which innovation proceeded both within and across firms, and the manner by which knowledge was generated and
transferred.

More fundamentally, the research was able to use an examination of China's energy technology boom to challenge established
theories of late development and industrial catch-up. As this research project has argued, the Chinese experience forces us to
re-conceptualize the role that innovation plays in contemporary development, not just in advanced industrial societies, but also
middle-income and poorer nations. Chinese patterns of innovation also suggest that we are in the midst globally of a new
industrial revolution, one that is re-ordering patterns of innovation and value creation across not just the developing world, but
also in advanced industrial societies. As indicated by our findings in the energy domain, Chinese firms are in many ways
catching up with regard to manufacturing-related innovation. At the same time, they have arguably fallen even farther behind
US and European counterparts in terms of the information technology, digital design, product lifecycle planning, and simulation
systems upon which value in high tech industry is increasingly concentrating.

This project -- a comprehensive study illuminating in fine-grained detail the technology development processes that take place
within Chinese energy firms and across China's emerging high tech innovation ecosystem -- represents a first-of-its-kind
achievement. Owing to a number of reasons, including the difficulty of gaining access to firms, the degree of cultural
awareness required to build trust with respondents, the language skills required to conduct in-depth qualitative research, and
the general secretiveness surrounding information in Chinese governmental and business circles, the degree of difficulty for
accomplishing this type of research is extremely high. As indicated by our publication record, however, our team has achieved
a number of successes across a wide variety of technology domains, including wind turbine manufacturing, solar PV fabrication,
and civilian nuclear power technology design and deployment.

Our main findings are as follows:

1. China-based firms have indeed developed a unique form of innovative manufacturing, one based on the simultaneous
management of tempo, scale, and cost reduction.

2. This form of innovative manufacturing is centered on engineering capabilities residing at the intersection between upstream
R&D (generally conducted by foreign firms based outside China) and downstream fabrication (generally occurring within China).

3. Much of this innovation is being applied not just to mature products and product platforms, but to frontier technologies and
new-to-the-world energy systems.

4. China-based innovative manufacturing takes place not simply within the single firm, but across firm-level boundaries in
complex multinational production and R&D networks. In this sense, the Chinese developmental trajectory looks dramatically
different from what was observed in earlier decades in Japan and South Korea, where firms tended to be more vertically
integrated, more self-contained, and far less immersed in global production networks.

5. The learning that takes place in these networks, rather than flowing unidirectionally (i.e., from foreign technology leaders to
Chinese duplictors), flows multidirectionally and recursively.

6. For particularly complex, capital intensive energy technology systems, such as civilian nuclear power plants, the greatest
challenges often involve not so much new technology development (a considerable amount of technology "lock in" obtains), but
rather challenges surrounding systems integration. It is in the area of systems integration that some of the most important
achievements surrounding cost reduction, safety, and reliability can be realized. In these domains, Chinese firms have not
necessarily achieved significant advances, even as the most advanced technology systems are being deployed on Chinese
soil. Many of the leading firms in systems integration activities continue to be foreign, and especially from advanced industrial
nations. Moreover, the experience in China has helped multinational systems integrators move into new domains of information
technology innovation, remote sensing, data management, and industrial software development. It is conceivable that these
areas will actually become increasingly important in manufacturing-related domains as well, especially if predicted trends play
out with respect to "smart" manufacturing, the "internet of things," additive manufacturing, or -- in European parlance -- "Industry
4.0." In other words, what this study has observed with respect to systems integration in areas such as civilian nuclear power
technology deployment may very well become the norm in manufacturing domains as well.

This study's findings are based on fieldwork that included the following:

-- 119 interviews in China in the wind power and solar PV industries



-- An additional 117 interviews were conducted with participants in the wind and solar power-related production networks in
Europe and the United States

-- 79 interviews in the Chinese nuclear power sector, including both Chinese indigenous and multinational firms

-- Additional corroborative interviews were conducted with technology firms operating outside the energy sector (including in
optics, electronics, and machinery fabrication), as well as with public officials and academics in China

Through the course of our fieldwork, our interview protocol involved asking respondents to trace the path by which the
technologies they work on move from initial R&D phases through ultimate product development and deployment. Respondents
were asked to identify the parts of the process in which their firms concentrate, the nature of their relationships with other firms
focused on other stages of the technology development process, and the nature of the knowledge that they believe to be core
to their firm's competitiveness. Respondents were asked to describe with reference to specific examples their interactions with
technology collaborators, be they joint-venture partners, suppliers, subcontractors, or customers. Respondents were also
asked to identify specific challenges, problems, and successes encountered during the technology development and
deployment process. A series of follow-on questions then explored the kinds of inputs required by the firm to achieve
competitiveness in its given domain, as well as the strategies employed to acquire those inputs. In some cases, respondents
were willing to discuss the specific types of skills required of their firm's workforce, as well as the modes by which those skills
are developed. Interviews were also able to delve into issues of the specific types of technical capabilities required to innovate,
the particular types of partners and suppliers that are most conducive to innovation and knowledge development, and the types
of investment inputs most likely to generate knowledge, whether managerial or technical in nature.

As noted, our empirical findings have permitted us to define and categorize the phenomenon of Chinese innovative
manufacturing, as well as the broader, non-China-specific concept of innovation-centric late development. We have also at
least begun to understand the connections between innovation in China and innovation in advanced industrial nations, including
the United States. At minimum, we have demonstrated that the knowledge flows and learning are not unidirectional, and that
there are far more complex phenomena unfolding than simply technology transfer, duplication, and mimicry.

Our work has opened up a series of new avenues which require further empirical exploration and conceptualization. Our areas
of focus included both primarily electromechanical and electrochemical processes. It is conceivable that substantial differences
in terms of degree of production process codification and nature of learning exist across these categories, but in this particular
project, our empirical work did not focus on this distinction. We intend in future work to explore more deeply the differences
between electromechanical and electrochemical processes, especially when they coexist within single industrial domains (as
they do, to some extent, in the solar PV area, as well as certain types of civilian nuclear power componentry, including
zirconium cladding.

In terms of follow-on work, we also believe that while we have defined several phenomena (i.e., Chinese innovative
manufacturing, innovation-centric late development, and IT-intensive systems integration) and begun to map networks, we still
need to deepen our understanding of the precise mechanisms and processes by which learning takes place across firms. We
believe future work must combine our existing interview techniques with new modes of process tracing, effectively entailing
ethnographic techniques directed toward understanding the experience of single firms within the wind, solar PV, and civilian
nuclear sectors. Such ethnographic analysis will prove critical for understanding relationships between firms involved in joint
technology development efforts. Such analysis, when conducted comparatively across similar firms engaged in similar types of
activities, will also allow us to compare relative capabilities between firms operating across different ecosystems or originating
from different nations. We specifically hope in future work to pursue direct comparisons between China-based solar PV
fabricators and US-based counterparts. We intend to do the same in the wind and civilian nuclear power sectors. In a sense,
our model for this type of comparative industrial ethnography is that set out by Ronald Dore in his seminal work "British Factory-
Japanese Factory" (1973).

We recognize that the technology development phenomena that this study examined -- and that we will continue to work on in
future projects -- are complex and unfold sequentially over time. Neither static nor one-step in nature, these evolutionary
processes often defy simple input-output analysis. Drawing causal or even descriptive inferences under such conditions is
challenging. We believe, though, that this project has demonstrated that through comparative case analysis and fine-grained
qualitative data collection, we can push the research agenda forward and open up new areas of empirical and conceptual
inquiry.

Though there is still much work to be done, this project has expanded our understanding of the conditions under which the
geography of technology development and deployment drives the location of innovation-intensive and knowledge-intensive
activities. We have also expanded our understanding of the circumstances in which at least in some industrial domains, higher-
value innovation activities remain separated from physical fabrication, while in other domains, upstream innovation and
downstream fabrication and scaling remain inextricably linked. And, finally, we have furthered our understanding of the
conditions under which advanced industrial incumbents either lose or expand knowledge-based sources of competitive
advantage as markets increasingly move to developing or middle-income locales across the world.



References
Amsden, Alice H. (1989). Asia's Next Giant: South Korea and Late Industrialization. Oxford, Oxford University Press.

Amsden, Alice H. (2001). The rise of "the rest": challenges to the west from late-industrializing countries. Oxford, Oxford
University Press.

Aoki, Masahiko and Hirokazu Takizawa (2002). Modularity: Its Relevance to Industrial Architecture. Conference on Innovation
within Firms. Saint-Gobain Centre for Economic Research, Paris.

Baldwin, C.arliss and Kim Clark (2000). Design Rules. The Power of Modularity. Cambridge, MA, MIT Press.
Berger, Suzanne (2005). How We Compete. New York, Doubleday.
Berger, Suzanne and Richard K. Lester (2005). Global Taiwan. Armonk, NY, ME Sharpe.

Brandt, Loren and Eric Thun (2010). "The Fight for the Middle: Upgrading, Competition, and Industrial Development in China."
World Development 38(11): 1555-1574.

Breznitz, Dan and Michael Murphree (2011). Run of the Red Queen: Government, Innovation, Globalization and Economic
Growth in China. New Haven CT, Yale University Press.

Cao, Cong, Richard P. Suttmeier, and Denis Fred Simon (2006). "China's 15-year science and technology plan." Physics Today
59(12): 38-43.

Collier, David (2011). "Understanding Process Tracing." Political Science and Politics 44(4): 823-30.

Chandler, Alfred D. and Takashi Hikino (1997). The Large Industrial Enterprise and the Dynamics of Modern Growth. Big
Business and the Wealth of Nations. A. D. Chandler, F. Amatori and T. Hikino. Cambrige Cambridge University Press.

Deutch, John and Edward S. Steinfeld (2013). A Duel in the Sun: The Solar Photovoltaic Technology Conflict between China
and the United States. Report for the MIT Future of Solar Energy Study. Cambridge MA, MIT.

Dore, Ronald (1973). British Factory-Japanese Factory. Berkeley, CA. University of California Press.

Ernst, Dieter (2011). Indigenous Innovation and Globalization: The Challenge for China's Standardization Strategy. Honolulu Hl,
East-West Center.

Ernst, Dieter and Barry Naughton (2008). China's emerging industrial economy: insights from the IT industry. China's Emergent
Political Economy. C. A. McNally. New York, NY, Routledge.

Fuchs, Erica (2014) "Global Manfacturing and the Future of Technology." Science. 345 (6196): 519-520.

Ge, Dongsheng and Takahiro Fujimoto (2004). "Quasi-open Product Architecture and Technological Lock-in: An Exploratory
Study on the Chinese Motorcycle Industry." Annals of Business Administrative Science 3(2): 15-24.

George, Alexander L., and Andrew Bennett (2005). Case Studies and Theory Development in the Social Sciences. Cambridge,
MA: MIT Press.

Gereffi, Gary (2009). "Development Models and Industrial Upgrading in China and Mexico." European Sociological Review 25
(1): 37-51.

Gereffi, Gary, John Humphrey, and Timothy Sturgeon (2005). "The Governance of Global Value Chains." Review of
International Political Economy 12(1): 78-104.

Goodrich, Alan C., Douglas M. Powell, Ted L. James, Michael Woodhouse, and Tonio Buonassisi (2013). "Assessing the
drivers of regional trends in solar photovoltaic manufacturing." Energy and Environmental Science. 6 (10): 2811-2821.

Grau, Thilo, Molin Huo, and Karsten Neuhoff (2012). "Survey of photovoltaic industry and policy in Germany and China."
Energy Policy 51: 20-37.



Haley, Usha C.V., and George T. Haley (2013). Subsidies to Chinese Industry: State Capitalism, Business Strategy, and Trade
Policy. Oxford, Oxford University Press.

Heilmann, Sebastian, Lea Shih, and Andreas Hofem (2013). "National Planning and Local Technology Zones: Experimental
Governance in China's Torch Programme." The China Quarterly 216: 896-919.

Henderson, Rebecca M., and Kim Clark. (1990). Architectural Innovation: The Reconfiguration of Existing Product Technologies
and the Failure of Established firms. Administrative Science Quarterly, 35(1), 9-30.

Herrigel, Gary. (2010). Manufacturing Possibilities: Creative Action and Industrial Recomposition in the US, Germany and
Japan. New York: Oxford University Press.

Herrigel, Gary, Volker Wittke, and Ulrich Voskamp (2013). "The process of Chinese manufacturing upgrading: Transitioning
from unilateral to recursive mutual learning relations." Global Strategy Journal 3(1): 109-125.

Herrigel, Gary, and Jonathan Zeitlin (2010). "Inter-firm relations in global manufacturing: Disintegrated production and its
globalization." The Oxford Handbook in Comparative Institutional Analysis: 527-564.

Hirschman, Albert O. (1963). Journeys Toward Progress. New York, NY, Twentieth Century Fund.

Hirschman, Albert O. (1981). Essays in Trespassing: Economics to Politics and Beyond. New York, NY, Cambridge University
Press.

Huang, Yasheng. (2003). Selling China - Foreign Direct Investment During the Reform Era. Cambridge, Cambridge University
Press.

Huang, Yasheng. (2008). Capitalism with Chinese Characteristics: Entrepreneurship and the State. Cambridge, Cambridge
University Press.

Kennedy, Andrew B. (2013). "China’s Search for Renewable Energy: Pragmatic Techno-nationalism." Asian Survey 53(5): 909-
930.

Kim, Linsu. (1997). Imitation to Innovation: The Dynamics of Korea’'s Technological Learning. Harvard Business School Press.

Kroll, Henning, Marcus Conle, and Margot Schuller (2008). China: Innovation System and Innovation Policy. New Challenges
for Germany in the Innovation Competition. Fraunhofer Institute for Systems and Innovation Research, German Institute of
Global and Area Studies and Georgia Tech Program in Science Technology and Innovation Policy.

Lester, Richard K., and David M. Hart (2011). Unlocking Energy Innovation: How America Can Build a Low-Cost, Low-Carbon
Energy System. Cambridge, MA, MIT Press.

Lester, Richard K., and Michael Piore (2006). Innovation: The Missing Dimension. Cambridge, MA, Harvard University Press.

Lewis, Joanna I. (2013). Green Innovation in China: China's Wind Power Industry and the Global Transition to a Low Carbon
Economy. New York, NY, Columbia University Press.

Linden, Greg, Kenneth L. Kraemer, and Jason Dedrick (2007). Who Captures Value in a Global Innovation System? The Case
of Apple's iPod. University of California-Irvine, Personal Computing Industry Center.

Liu, X. and P. Cheng (2011). Is China's Indigenous Innovation Strategy Compatible with Globalization? Policy Studies.
Honululu, East-West Center. 61.

Metzler, Florian, and Edward S. Steinfeld (2014). "Sustaining Global Competitiveness in the Provision of Complex Products
and Systems: The Case of Civilian Nuclear Power Technology" in Locke, R. and Wellhausen, R. (2014), eds. Production in the
Innovation Economy. Cambridge, MA: MIT Press.

Nahm, Jonas, and Edward S. Steinfeld (2014a). "Scale-up Nation: China’s Specialization in Innovative Manufacturing." World
Development 54(0): 288-300.

Nahm, Jonas, and Edward S. Steinfeld (2014b). "The Role of Innovative Manufacturing in High Tech Product Development:
Evidence from China's Renewable Energy Sector," in Locke, R. and Wellhausen, R. (2014), eds. Production in the Innovation
Economy. Cambridge, MA: MIT Press.



Nolan, Peter. (2001). China and the Global Business Revolution. Houndsmill, Palgrave.

OECD (2008). OECD Reviews of Innovation Policy: China. Paris, OECD Publications.
Office of the Secretary of Defense (2010). Annual Report to Congress: Military and Security Developments Involving the
People’s Republic of China. Washington, DC, United States Department of Defense.

Pisano, Gary P., and Willy C. Shih (2009). "Restoring American Competitiveness." Harvard Business Review. July issue.

Powell, Walter W., Kenneth W. Koput, and Laurel Smith-Doerr (1996). "Interorganizational Collaboration and the Locus of
Innovation: Networks of Learning in Biotechnology." Administrative Science Quarterly 41(1):116-45.

Powell, Walter W., Douglas R. White, Kenneth W. Koput,and Jason Owen-Smith (2005). "Network Dynamics and Field
Evolution: The Growth of Inter-organizational Collaboration in the Life Sciences." American Journal of Sociology 110(4):1132-
1205.

President's Council of Advisors on Science and Technology (2012). Report to the President on Capturing Domestic Competitive
Advantage in Advanced Manufacturing. Executive Office of the President, Washington, DC.

Puga, Diego, and Daniel Trefler (2005). "Wake Up and Smell the Ginseng: The Rise of Incremental Innovation in Low-Wage
Countries." NBER Working Paper 11571.

Ru, Peng, Qiang Zhi, Fang Zhang, Xiaotian Zhong, Jiangiang Li, and Jun Su (2012). "Behind the development of technology:
The transition of innovation modes in China’s wind turbine manufacturing industry." Energy Policy 43: 58-69.

Simon, Denis Fred, and Cong Cao (2009). China's Emerging Technological Edge: Assessing the Role of High-End Talent.
Cambridge, Cambridge University Press.

Steinfeld, Edward S. (1998). Forging Reform in China: The Fate of State Industry. Cambridge, Cambridge University Press.

Steinfeld, Edward S. (2004). "China's Shallow Integration: Networked Production and the New Challenges for Late
Industrialization." World Development 32(11): 1971-1987.

Steinfeld, Edward S. (2010). Playing Our Game. New York, NY, Oxford University Press.

Steinfeld, Edward S, Richard K. Lester, and Edward A. Cunningham (2009). "Greener plants, grayer skies? A report from the
front lines of China's energy sector." Energy Policy 37(5): 1809-1824.

Steinfeld, Edward S., and Troels Beltoft (2014). "Innovation Lessons from China." MIT Sloan Management Review. Summer
issue.

Sturgeon, Timothy J. (2003). "What Really Goes on in Silicon Valley? Spatial Clustering and Dispersal in Modular Production."
MIT Industrial Performance Center Working Paper 03-001.

Sutherland, Dylan (2005). "China's Science Parks: Production Bases or a Tool for Institutional Reform?" Asia Pacific Business
Review 11(1): 83-104.

Suttmeier, Richard P. and Cong Cao (1999). "China Faces the New Industrial Revolution: Achievement and Uncertainty in the
Search for Research and Innovation Strategies." Asian Perspective 23(3): 153-200.

Tan, Xiaomei, and Zhao Gang (2009). An Emerging Revolution: Clean Technology Research, Development and Innovation in
China. Washington DC, World Resources Institute.

U.S.-China Economic and Security Review Commission (2011). 2011 Report to Congress of the U.S. China Economic and
Security Review Commission. Washington DC.

Vernon, Raymond. (1966). "International Investment and International Trade in the Product Cycle." The Quarterly Journal of
Economics 80(2): 190-207.

Zhang, Fang, and Su Jun (2012), "Zhongguo fengdian zhizao chanye guoji jishu zhuanyi xianzhuang ji wenti fenxi (An Analysis
of the Conditions and Problems in International Technology Transfer in the Chinese Wind Turbine Manufacturing Industry),"
Zhongguo Keji Luntan, July.



Zhang, Xiliang, Shiyan Chang, Molin Huo, Ruoshui Wang (2009). "China's wind industry: policy lessons for domestic
government interventions and international support." Climate Policy 9(5): 553-564.

Technology Transfer





